parameter is defined as the difference between an initial (known) source and the best fitting equivalent dipole, but can only be computed if an inverse procedure is available. Others used eigenfunction analysis (MACAULAY et al., 1985) or spatial Fourier analysis (LEHMANN, 1983) for this purpose. However, all these measures have one or more disadvantages: their value may strongly depend on the number and/or location of the measurement points, the necessary complex inverse techniques are not often available or the measure only deals with one specific aspect of the field being studied (e.g. spatial frequencies, eigenvalues).
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9 IFMBE: 1988 Our aim in:the present study is to investigate under which conditions differences in cerebral magnetic field distributions can be quantitatively assessed using a measurement which does not involve the disadvantages mentioned above. This is of practical importance to be able to decide which source or volume conductor models are most suitable to account for a given set of experimental measures, We propose that the relative difference measure.(RDM) is appropriate to quantify differences between two maps. The RDM is defined as the squared differences of two fields integrated over the recording surface. The RDM does not depend on the location of the measurement points nor are inverse techniques required. This measurement does not depend on a specific model assumption and it can be used for the analysis of any set of field maps.
For example, if we have environmental noise which provides a large contribution to the RDM when compared with a map without noise, there is no need to reduce the RDM due to the discrete sampling of the signal if its value is a factor of 10 lower than the noise contribution. On the other hand, if we find that the use of an improved source model results in an RDM which has the same order of magnitude as the value of the RDM due to a certain measuring procedure, we should use this improved source model in the analysis of the measurements.
Methods
The relative difference measure used to compare two maps is defined as
S where F, is the reference field F is the field distribution obtained under conditions which differ from/7, in one aspect only S is the surface area of the map considered.
If not stated otherwise, the reference field F, is chosen to be the radial component of the magnetic field generated by a current dipole situated in a concentric multishell spheres model. The recording sphere is concentric with this multishell sphere representing the head. For the reference field this implies that neither the volume currents nor radially oriented dipoles contribute to it. In fact the reference field is identical to the field generated by a dipole in an infinite homogeneous isotropic medium (GRVNSZPAN and GESELO-WITZ, 1973) . The size of sector S of the recording sphere is chosen such that the solid angle is constant with respect to different source locations and that the extremes are incorporated.
The N grid points taken are projected on a plane so that the distances in both the e0 and the eo direction are conserved. The field values at these N projected grid points are interpolated yielding function values in a fine regular grid of 20 x 20 points, using a fifth degree bivariate interpolation technique (AKIMA, 1978) . The surface integrals are computed numerically from this fine grid of interpolated function values. An important feature of this technique is the fact that all field distributions are expressed in the same 400 points, making it possible to compare two different field patterns even in cases where the original grid points do not coincide. The reference field is calculated in so many points as necessary for the map of this field to show an ideal dipole pattern, as illustrated in The parameters used to compute F are changed one at a time with respect to the parameters used to compute F,.
The influence of these changes on the map is given by the associated R D M value.
(a) To estimate the influence of the number of grid points on the field pattern, F is calculated as a function of N where N is reduced systematically from 100 ( = 1 0 x 10) down to 16 ( = 4 x 4 ) points. When a signal is sampled in a number of points, an error is introduced which is due to the fact that the spatial Fourier spectrum is deformed (ROMANI and LEONI, 1984) . (b) To evaluate the influence of the gradiometer on the field pattern, the procedure of reducing N is repeated by taking the effective magnetic field Bef f instead of a magnetic field component for both F and F r. Bel I is the net magnetic flux through the gradiometer divided by the area of the pickup coil, and is defined as the field value at the centre of the pickup coil. In our computations a symmetric second-order gradiometer with a baseline of 50 mm and a coil diameter of 30 mm is used. The computation of the flux through the coil is carried out numerically by approximating the surface integral over each coil by a seven-point Gaussian integration formula (ABRAMOWn'Z and S~GUN, 1972 et al., 1985) . The radii and centres of the eccentric spheres are deduced from the realistically shaped head model by optimally fitting a sphere to each compartment boundary in terms of a leastsquares fitting procedure (MEIJS and PETERS, 1987) .
As an illustration, the compartment boundary representing the outside of the scalp in the realistically shaped model and the sphere fitting the scalp best in the visual cortex area is given in Fig. 2 . The computation of the fields for both types of model is carried out by means of the boundary-element method as described by LYNN and TIMLAKE (1968) . The conductivities of the four compartments are restricted to low conductivity ratios in order to diminish numerical errors within the boundary-element method (MEIJS et al., 1987b) . The values of scalp, skull, cerebrospinal fluid and brain tissue are taken to be, respectively, 0-33, 0.1, 1.0 and 0-33Sm -1. A single current dipole, representing the model of the source, is oriented tangentially with respect to the concentric spheres model at about 50 distinct source locations throughout the a b occipital section of all three head models. In all cases the reference field in the denominator of eqn. 1 is based on the concentric spheres model. The reference field in the numerator of eqn. 1 is based on either the concentric or on the realistically formed model of the head. This choice is made to be able to compare the fields based on the realistically shaped head and the eccentric spheres model by means of the
Representation of the realistically shaped model of the head as seen from the left side and the back. Vertex points in the area of the visual cortex are used to compute the best fitting spheres. The sphere fitting the scalp is indicated in this figure as well. The cross in (b ) represents the location of the inion

RDM.
The models of the source considered are one single current dipole and a set of two current dipoles. The magnetic field distribution due to a single current dipole pointing in the asimuthal e~ direction having a source strength p which is located at r is taken as the reference field. The influence of a displacement of the current dipole is studied by comparing the reference field with the field distribution generated by the same dipole at r +/. The displacements of ! studied are in the er, e 0 and e, directions (Fig. 3b) . To estimate the influence of using two current dipoles instead of one, the reference field is compared with the field resulting from two current dipoles, each one pointing in the e, direction and having a dipole strength p/2, which are located at r + !/2 and r -1/2. The directions of I are chosen to be in the e~, e 0 and e, directions.
Results
An impression of the pattern deformations due to the use of a limited number of grid points, using the bivariate interpolation technique (AKIMA, 1978) , is given in Fig. 1 
where a is a constant which in first-order approximation is equal to 0.10 for all source depths except for the deepest source (its mean value is 0.13) and where only 16 grid points are taken. The patterns given in Fig. 1 are practically the same if the effective magnetic field Bef f is taken instead of the normal component of the magnetic field. However, both F and F, are decreased by an approximately constant factor. The value of this factor depends on the radii of the coils, the baseline of the gradiometer and the depth of the dipole. It is 0.7 for the gradiometer mentioned and a dipole with a source depth of 32.8mm. Consequently the values of the RDM as listed in Table 2 show a sequence comparable to the one given in Table 1 . Again the same relationship denoted by rein, 2 is found. However, the constant factor a is slightly increased to a mean value of 0.11.
Evidently, the surface integral of IF r I over S is linearly proportional to the value of the extremes of F,. This ratio is found to be approximately 0.5 for the particular choice of S and for the source depths mentioned. Therefore, if the Gaussian noise, added to F r to obtain F, has a zero mean and a standard deviation of G times the extremes of F,, the mean value of the RDM will be approximately equal to 2G. The pattern of the map will be deformed at random.
Results of the RDM values and the fields, using the eccentric spheres model and the realistically formed model, are given in Table 3 and Fig. 4 . Analysis of the results due to a displacement 1 of the current dipole showed that for the displacements of ! up to 6 mm, the computed values of the RDM can be approximated using the first term of the Taylor series expansion: Table 3 constant. However, when the dipole is displaced in the e, direction, the source strength can be so adapted that the extremes in the maps are kept constant. Using an adapted source strength gives values of the constant b which are lower than those for which the strength is not adjusted. This is reflected in the second row of Table 4 . Table 5 . In Fig. 6a the reference field generated by the single current dipole is given 9 In Fig. 6b the source model used is a set of two dipoles pointing in the same direction as in Fig. 6a but separated in the e 0 direction and in Fig. 6c the two dipoles are separated in the e~ direction 9 Fig. 4 
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Resulting values of the
Discussion
In Table 1 32"8 2"9 X l0 -4 3"8 X 10 -4 1"5 X 10 -4 42"8 2'0 X 10 -4 2"9 X 10 -4 0"9 X 10 -4 52"8 1"6 X 10 -4 2"7 X 10 -4 0"7 X 10 -4 62"8 1"5 X 10 -4 3"3 X 10 -4 0"5 X 10 -4 limited number of grid points are given for one source depth only. We found that the RDM values for other source depths are the same for the same values of N. This can be understood by the following arguments: the angle between the two extremes of a dipolar pattern (= 2 x 0m) depends on the source depth d and the radius of the recording sphere R. This relationship can be derived and is given in eqn. 5:
cos Om 1 (5) 2 COS 0m 2 2(R --d)R The depths d of the sources taken in this study are confined to values between 33mm and 63mm under the recording sphere S having a radius R of 90 mm. For this interval of the quotient d/R, the relationship between d and 0m can be approximated by a straight line (WmLIAMSON and KAUVr~A~, 1980) . The sector of the recording sphere is chosen such that it subtends the same solid angle with respect to the source for all sources. Since f~ is chosen constant for all source depths, it follows from fZ = S/d 2 that the sides of the recording surface S are linearly proportional to the source depth as well. This implies that for a certain value of N the relative position of the grid points with respect to the dipole pattern will be comparable for all source depths in the range mentioned. For a homogeneous distribution of N (= n x n) grid points, the distance A between two points is equal to A = v/(-~/ (n -1), yielding A/d = V/-~)/(n -1), which means that A/d is a function of N only. Combining this fact with eqn. 2 shows that the RDM is a function of N only.
There is no need to increase the number of grid points to reduce the RDM value whenever the RDM value due to other causes is much higher. Comparison of the orders of magnitudes of the RDMs as given in this paper shows that an RDM of 0.05 is relatively low. The minimum depth of a source under the recording sphere is about 30mm. The assumption that an RDM value of 0.05 is low enough implies that the minimum distance between two neighbouring grid points Ami n = d x x/(RDM~iJa)= 0"7d = 20 mm. This is in agreement with the findings of ROMANI and LEONI (1984) , who considered the deformation of the continuous function due to the discrete sampling and concluded from this that no information in the measured signal was lost if the minimum distance between two neighbouring grid points met the same relationship, i.e. A = 0.7d.
If the effective magnetic field is used in inverse computations instead of the normal component of the magnetic field, the dipole strength will be underestimated although the location and the direction of the equivalent dipole will be estimated properly. This may explain the observed underestimation described by WEINaERG et al. (1985) of the source strength of the equivalent dipole. As both F as well as F r are decreased by the same constant factor, the decrease of the fields due to the use of a gradiometer is not reflected in the value of the RDM.
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It is clear that the influence of the eccentric spheres model on the magnetic field is smaller than that of the realistically shaped head model if the reference model is the concentric spheres model (columns 1 and 2 of Table 3 ). However, if the realistically shaped head is the reference field used in the numerator (columns 2 and 3), the values of the RDM are comparable. These values are larger if the dipole lies deeper within the head.
If the Gaussian noise in the measurements is in the order of 25 per cent of the extremes of the field, which is an experimentally realistic figure, the RDM due to this noise is approximately 0.5 for the dipolar patterns studied. Table  3 shows that the RDM value is in the order of 0.1 if the compartment model of the head has realistically shaped boundaries instead of concentric spheres. Under these circumstances, the contribution of the volume currents cannot be distinguished. Similar interferences can be stated with respect to the resolution between two differing source locations by means of the MEG. If the difference between two locations of a dipole is 2 mm, it follows from the combination of eqn. 3 and Table 4 that the RDM value will be in the range 0.03-0.10. This means that it will be difficult to decide which location is the best if the RDM value due to noise is 0.5.
It follows from Table 4 that if the dipoles are oriented in the eo direction, it is easier to resolve them if they are parallel than if they are in line with each other. This is in agreement with the concept of the so-called 'preferred direction' introduced by COHEN and CUFFIN (1983) .
When two dipoles are separated by several mm (for example 7 mm), most of the field (in this example 98 per cent) can be explained by taking one single current dipole in the middle as a substitute for the two. The value of the RDM will then be smaller than 0-02. According to reln. 4 the value of the RDM is proportional to the squared distance between the two dipoles. Therefore, if the distance between the two dipoles is 30mm, according to Table 5 , the RDM will have a value which will be in the range 0.05~)-35.
The influence on the field of several other source models such as the 'in-line line source', the 'circular disk source' and the 'two opposed dipoles source' has been studied by CtJ~IN (1985) . The residual error F as used in Cuffin's study reflects the influence of the source models on the field. This residual error is defined as the normalised sum of the squared differences of two fields in corresponding grid points, and consequently it differs only slightly from the RDM. Since Cuffin found that the F-values for other source models are Comparable with the values found for the 'two dipoles' source model used in this study, there is no need to repeat the investigation of the other source models.
The comparison of the RDMs given above is based on a subjective way of weighting. However, the RDM gives quantitative information on the field pattern deformations in the case where dependencies on one single parameter are studied.
Conclusions
The relative difference measure RDM can be used to quantify differences observed between a map showing an ideal dipole pattern and a simulated one for which model or measurement parameters are changed one at a time. We do not claim that the RDM is superior in some specific sense, but it is a very useful tool for obtaining a quantitative comparison of field distributions. However, as well as the calculation of the RDM a visual inspection of the field pattern is important. The dipolar pattern of an isofield m a p which is influenced by noise shows deformations which are clearly detectable by visual inspection. O n the other hand, comparison of Figs. 5b and c gives an example in which the dipole pattern is conserved in such a way that visual quantification is difficult although the R D M value changes substantially.
It is clearly impossible to distinguish between two different values of a parameter or between two different models if this difference gives rise to an R D M value of about 0.05, because the R D M originating from arbitrary errors in the measurements has a value of about 0-5. Therefore the values of the R D M are very useful for determining which change in a parameter or model can still be detected by means of experimentally obtained magnetoencephalograms.
An analogous error measurement is also applicable in the analysis of LEGs.
